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Acid inhibitionAbstract The potential of Tinospora crispa extracts as a corrosion inhibitor of mild steel in 1 M
HCl was determined using weight loss, potentiodynamic polarization and electrochemical imped-
ance spectroscopy methods (EIS). Maximum inhibition was attained at the concentration of 800
and 1000 ppm for TCDW (T. crispa water extract) and TCAW (T. crispa acetone–water extract).
The inhibition efﬁciencies of T. crispa extracts obtained from the impedance and polarization mea-
surements were in good agreement where the maximum inhibition is around 70–80%. Potentiody-
namic polarization measurement studies revealed that T. crispa extracts behave predominantly as
an anodic inhibitor. The adsorption ofT. crispa extracts was found to follow Langmuir’s adsorption
model.
ª 2011 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The use of mild steel as construction material in industrial
sectors has become a great challenge for corrosion engineers
or scientists nowadays. In practice, most of the acidic indus-
trial applications such as reﬁning crude oil, acid pickling,
industrial cleaning, acid descaling, oil–well acid in oil recovery
and petrochemical processes use mild steel as their material.
Hydrochloric acid is one of the most widely used agents in
the industrial sector. Due to the aggressiveness of acid solutionto mild steel, the use of inhibitor to prevent the metal dissolu-
tion process will be inevitable (Ostovari et al., 2009). Most syn-
thetic inhibitors are highly toxic and thus lead to the
investigations on the use of a naturally occurring corrosion
inhibitor which at the same time is not harmful to both human
and the environment.
Tinospora crispa (Menispermaceae) a climber plant found
in tropical and subtropical India and parts of the Far East
(such as Indonesia, Malaysia, Thailand and Vietnam), and
in primary rainforest or mixed deciduous forest (Sulaiman
et al., 2008; Dweck and Calvin, 2006). The plant has been
recently showing an ethnopharmaceutical uses for the treat-
ment of fever, diabetes, hypertension, cholera, rheumatism,
hyperglycemia, wounds, intestinal worms, and skin infections.
Besides that, T. crispa is also used to treat tooth and stomach
aches, coughs, asthma and pleurisy (Najib et al., 1999; Zaka-
ria et al., 2006; Kongkathip et al., 2002; Noor and Ashcroft,
1989, 1998). It was revealed that the chemical constituents
The effect of Tinospora crispa extracts as a natural mild steel corrosion inhibitor in 1 M HCl solution S617isolated from various parts of T. crispa contained ﬂavonoid
and quaternary alkaloids including ﬂavavone-O-glycosides
(apigenin), berberine, picroretoside, palmatine (Umi Kalsom
and Noor, 1995; Bisset and Nwaiwu, 1984), borapetol A
and B, borapetoside A and B, tinocrisposide, N-formylanon-
dine,N-formylnornuciferine, N-acetyl nornuciferine, c-sitos-
terol, picroretine and tinotubride (Misak, 1995). Two new
triperpenes, cycloeucalenol and cycloeucalenone from
T. crispa were previously isolated (Kongkathip et al., 2002).
Previous studies have also determined the proximate
composition of its stem and leaves. The analysis approxi-
mately showed that T. crispa contains protein:leaves = 4.7%,
stem + 1.2%; fat:leaves = 1.5%, stem = 0.43%; carbohy-
drate:leaves = 11.8%, stem = 19.4%; ash:leaves = 2.7%,
stem = 1.1%; moisture:leaves = 79.3%, stem = 77.9%;
ﬁber:leaves = 1.59%, stem = 0.65%; and energy:leaves =
1.59%, stem = 0.65% (Zulkhairi et al., 2008).
It was revealed that an organic compound containing het-
eroatoms such as O, N or S and multiple bonds showed good
potential as a corrosion inhibitor (Hussin and Kassim, 2011).
Previous studies have shown that the utilization of naturally
occurring compounds in acidic solution can inhibit the corro-
sion of metals (Hussin and Kassim, 2011; de Souza and Spinelli,
2009; Ahamad et al., 2010; Satapathy et al., 2009). The presence
of alkaloid and polyphenol compounds inT. crispa extracts will
show a corrosion inhibition property. The corrosion behavior
ofT. crispa extracts on mild steel was determined via weight loss
measurement, potentiodynamic polarization measurement and
electrochemical impedance spectroscopy (EIS). Besides, the
adsorption nature and surface morphology analysis using a
scanning electron microscope (SEM) were also determined.
2. Material and methods
2.1. Preparation of T. crispa extract
T. crispa stems were collected around from Gurun, Kedah,
Malaysia. T. crispa were washed under the running tap water
and then were cut into small pieces, which were about 1 cm
each piece. T. crispa stems in small pieces were then sun dried
for seven days to remove water before being ground into ﬁne
powder and sieved with a 250 lm mesh. Initially, the dried
powder was diluted with distilled water in the ratio of 1:10
(w/v). The solution was then placed in a water bath at 80 C
for 24 h and then ﬁltered to obtain the supernatant. The
collected supernatant was then freeze dried for at least 3 days.
The dried extract obtained was ground into powder and
labeled as TCDW, was kept at 4 C for further use. The same
extraction process goes to the next extracting solvent. The
dried powder was diluted with 70% acetone solution (v/v) in
the ratio of 1:10 (w/v). The collected supernatant was then
concentrated at 45 C under reduced pressure in a rotatory
evaporator and dried in an oven at 50 C. The dried extract
obtained was ground into powder and labeled as TCAW,
was kept at 4 C for further use.
2.2. Specimen preparation
Mild steel specimen having the composition (wt%) of 0.08 C,
0.01 Si, 1.26 Mn, 0.02 P and remaining Fe was used. Coupons
were cut into 3 · 4 · 0.1 cm dimensions used for weight lossmeasurements, whereas specimens with 6 · 4 · 0.1 cm dimen-
sions were used as working electrode for polarization and
EIS measurements. The exposed area was mechanically
abraded with 400, 600 and 800 grades of SiC papers, degreased
with isopropyl alcohol (IPA) and rinsed with distilled water
before each electrochemical experiment.
2.3. Solutions preparation
About 1 M HCl solutions were prepared by the dilution of
37% HCl using distilled water. The concentration range of
T. crispa extract employed was varied from 200 to 1000 ppm.
This concentration range was chosen upon the maximum
solubility of T. crispa extract. The powder extract was ﬁrst
dissolved in 1% (v/v) methanol before it was diluted with
1 M HCl solution.
2.4. Weight loss measurement
The rectangular mild steel specimens of dimension 6 · 4 ·
0.1 cm were immersed (complete immersion) in 100 mL of
deaerated electrolyte in the absence and presence of different
concentrations of T. crispa extracts at an ambient temperature
(303 K). The weight loss of mild steel specimens was deter-
mined after 24 h of immersion. The percentage inhibition
efﬁciency (IE%) was calculated using the following formula:
IE% ¼W0 Wi
W0
 100 ð1Þ
whereW0 andWi are the weight loss values in the absence and
in the presence of the inhibitor.
2.5. Potentiodynamic polarization measurement
Polarization measurements were conducted in a conventional
three electrode Pyrex cell with an overall volume of 50 mL.
The exposed geometrical surface area of the working electrode
(WE) was ﬁxed with an area of 0.785 cm2 to the electrolyte, a
graphite gauze was used as the auxiliary electrode (CE), and a
saturated calomel electrode (SCE) as the reference electrode
(RE). All the experiments were carried out using deaerated
unstirred solutions at 303 K. The measurements were carried
out using a PC controlled Volta Lab PGP 201 system with
Voltamaster 4 software at a scan rate of 1 mV s–1. The open
circuit potential, Eocp was measured for 30 min to allow the
stabilization of the steady state potential. The potential range
was calculated from the Eocp values obtained (±250 mV). The
inhibition efﬁciency (IE%) was calculated using the relation:
IE% ¼ Icorr  IcorrðiÞ
Icorr
 100 ð2Þ
where Icorr and Icorr(i) are referred to as the corrosion current
density without and with the addition of the inhibitor,
respectively.
2.6. Electrochemical impedance spectroscopy (EIS)
The electrochemical impedance spectroscopy (EIS) was carried
out using a Gamry Instrument Reference600 with the open
circuit potential Eocp, of every sample was immersed for
30 min over a frequency range of 100 kHz to 0.01 Hz with a
S618 M. Hazwan Hussin et al.signal amplitude perturbation of 5 mV and a scan rate of
1 mV s–1. Next, it was ﬁtted with sets of circuits using Echem
Analyst software that gave the best value. The inhibition
efﬁciency (IE%), was calculated by the following equation:
IE% ¼ 1 Rct
R0ct
 
 100 ð3Þ
where R ct and R
0
ct are referred to as the charge transfer
resistance without and with the addition of the inhibitor,
respectively.
2.7. Surface analysis
The surface morphology of steels specimens was evaluated by
a scanning electron microscope (SEM) analysis (Leo Supra
50VP). A test specimen that exhibits higher efﬁciency of corro-
sion inhibition from weight loss measurements was examined
with scanning electron microscopy (SEM) instead of blank
(without inhibitor) and fresh steel.Table 1 Weight loss data of mild steel in 1 M HCl for various
concentration of T. crispa extracts.
T. crispa extract Conc. (ppm) W (g) % IE h
TCDW 0 2.0134 – –
200 0.2589 87.14 0.8714
400 0.2531 87.43 0.8743
600 0.2493 87.62 0.8762
800 0.2438 87.89 0.8789
1000 0.2470 87.73 0.8773
TCAW 0 2.0134 – –
200 0.3395 83.14 0.8314
400 0.3378 83.22 0.8322
600 0.3330 83.46 0.8346
800 0.3269 83.76 0.8376
1000 0.3236 83.94 0.8394
Figure 1 The relationship between percentage of in3. Result and discussion
3.1. Weight loss measurement
Weight loss measurement is a non-electrochemical technique
for the determination of corrosion rates and inhibitor
efﬁciency which provides more reliable results than electro-
chemical techniques because the experimental conditions are
approached in a more realistic manner yet the immersions tests
are time-consuming (Hussin and Kassim, 2011; de Souza and
Spinelli, 2009). Therefore, due to such differences (experimen-
tal conditions), the values would obviously differ from the
electrochemical values. Table 1 shows the percentage of inhibi-
tion efﬁciency (IE) for T. crispa extracts at the temperature of
303 K. From the table, it was revealed that as the concentra-
tions of the inhibitor increased, the percentage of inhibition
efﬁciency was also increased (concentration-dependent). The
optimum value of inhibition was obtained at the concentration
of 800 ppm (for TCDW) and 1000 ppm (for TCAW) respec-
tively. This indicates that the adsorption process between the
adsorbate (inhibitor) and the mild steel surface was efﬁciently
achieved and led to the formation of a strong metal–inhibitor
interaction thus lowering the capability of chloride ion (Cl) to
adsorb on the mild steel surface. In turn, the situation changes
in contrast for the TCDW extract if the concentrations exceed
800 ppm thus explaining the reduction in inhibition efﬁciency
value. The surface coverage of the mild steel was also reduced
upon the addition of T. crispa extracts which indicates that the
extract acts as a good corrosion inhibitor for mild steel in acid
solution (Fig. 1).
3.2. Potentiodynamic polarization measurement
Figs. 2 and 3 represent the potentiodynamic anodic and catho-
dic polarization plots (or known as Tafel plot) for mild steel in
1 M HCl with the absence and presence of both T. crispa
extracts (TCDW and TCAW). In general, the Tafel plots gives
useful information such as the corrosion potential (Ecorr),hibition with concentration of T. crispa extracts.
Figure 2 Potentiodynamic polarization curves for mild steel in 1 M HCl containing different concentrations of TCDW.
Figure 3 Potentiodynamic polarization curves for mild steel in 1 M HCl containing different concentrations of TCAW.
The effect of Tinospora crispa extracts as a natural mild steel corrosion inhibitor in 1 M HCl solution S619corrosion current density (Icorr), resistant polarization (Rp) and
the corrosion rate (CR) as summarized in Table 2. It was illus-
trated from the data that the addition of T. crispa extracts de-
creased the corrosion current density (Icorr). The decrease may
be due to the adsorption of the inhibitor on metal/acid inter-
face (Ahamad et al., 2010). The maximum inhibition was ob-
tained at the concentration of 800 ppm (78.14% IE) and
1000 ppm (73.33% IE) for TCDW and TCAW, respectively.
This result was in good agreement with the weight loss mea-
surement which have been discussed above. Moreover, the de-crease of Icorr of all T. crispa extracts in comparison with 1 M
HCl for both the cathodic and anodic sites may suggest the
mixed type corrosion inhibition behavior with a predominant
decrease at the anodic site. The conﬁrmation was also sup-
ported by the great difference of the anodic Tafel slope (ba)
compared with the cathodic Tafel slope (bc) in the absence
and presence of T. crispa extracts in 1 M HCl solution.
Furthermore, the displacement of Ecorr was <85 mV, hence
the inhibitor can be seen as a mixed type inhibitor (Satapathy
et al., 2009). This also indicates that the inhibitor merely
Table 2 Potentiodynamic polarizations parameters of mild
steel in 1 M HCl for various concentration of T. crispa extracts.
T. crispa
extract
Conc.
(ppm)
Ecorr
(mV)
Icorr
(mA cm2)
ba
(mV)
bc
(mV)
CR
(mm y1)
% IE
TCDW 0 488 0.2672 102.2 175.4 3.637 –
200 481 0.2255 97.7 125.0 3.125 39.14
400 476 0.1093 81.4 144.6 1.278 62.57
600 462 0.1047 77.5 166.3 1.224 73.61
800 452 0.0802 68.0 169.6 0.937 78.14
1000 468 0.1532 87.9 161.1 1.791 42.66
TCAW 0 488 0.2672 102.2 175.4 3.637 –
200 478 0.2472 95.3 105.8 3.007 42.15
400 461 0.2114 91.0 125.6 2.472 45.01
600 439 0.1607 76.2 141.8 1.879 58.01
800 438 0.1262 73.6 158.5 1.475 65.13
1000 426 0.0843 58.5 169.7 0.985 73.33
S620 M. Hazwan Hussin et al.blocks the reaction sites of the mild steel surface and changes
the mechanism of metal dissolution (anodic) and/or hydrogen
evolution (cathodic) reaction.
3.3. Electrochemical impedance spectroscopy (EIS)
The corrosion behavior of mild steel in 1 M HCl solution in
the presence of T. crispa extracts was investigated by EIS at
room temperature after 30 min of immersion. The Nyquist
plots for mild steel obtained at the interface in the presence
and absence of T. crispa extracts at different concentrations
are given in Figs. 4 and 5. As observed, the Nyquist plotsFigure 4 Nyquist plots for mild steel in 1 M HClcontain a depressed semi-circle with the center below the real
X-axis, which is size increased by increasing the inhibitor
concentrations, indicating that the corrosion is mainly a charge
transfer process (Aljourani et al., 2009) and the formed
inhibitive ﬁlm was strengthened by the addition of T. crispa
extracts. A loop is also seen at low frequencies (LF) which
could arise from the adsorbed intermediate products such as
(FeCl)ads in the absence of the inhibitor and/or (FeCl
Inh+)ads in the presence of the inhibitor (Solmaz et al.,
2008). The depressed semi-circle is the characteristic of solid
electrodes and often refers to the frequency dispersion which
arises due to the roughness and other inhomogeneities of the
surface (Bentiss et al., 2005). It is worth noting that the change
in concentration of T. crispa extracts did not alter the style of
the impedance curves, suggesting a similar mechanism of the
inhibition is involved. The impedance parameters derived from
these plots are shown in Table 3. The constant phase element,
CPE (Fig. 6) is introduced in the circuit instead of pure double
layer capacitor to give a more accurate ﬁt (Noor and Al-Mou-
baraki, 2008). The CPE, which is considered as a surface
irregularity of the electrode, causes a greater depression in
the Nyquist semi-circle where the metal/solution interface acts
as a capacitor with irregular surface (Satapathy et al., 2009).
The impedance of the CPE is expressed as
ZCPE ¼ 1
Y0ðjxÞn ð4Þ
where Y0 is the magnitude of the CPE, j is the imaginary unit,
x is the angular frequency (x= 2pf, where f is the AC
frequency) and n is the CPE exponent (phase shift). The
general unit for CPE is in F cm2 (Farad cm2). Again, the
maximum percentage of inhibition efﬁciency (% IE) wascontaining different concentrations of TCDW.
Figure 5 Nyquist plots for mild steel in 1 M HCl containing different concentrations of TCAW.
Figure 6 Equivalent circuit f
Table 3 Electrochemical impedance spectroscopy parameters
of mild steel in 1 M HCl for various concentration of T. crispa
extracts.
T. crispa
extract
Conc.
(ppm)
Rs
(X cm2)
Rct
(X cm2)
CPE
(lF cm2)
n % IE
TCDW 0 1.09 79.75 331.6 0.9047 –
200 0.81 326.6 155.4 0.8377 75.58
400 0.79 356.8 140.2 0.8121 77.65
600 0.87 369.0 94.12 0.8252 78.39
800 0.87 433.0 41.56 0.8218 81.58
1000 0.81 385.8 96.78 0.8093 79.33
TCAW 0 1.09 79.74 331.6 0.9047 –
200 1.67 283.5 189.4 0.7917 71.87
400 1.56 291.5 178.3 0.8692 72.64
600 4.33 319.4 153.1 0.7835 75.03
800 2.29 337.8 142.7 0.7958 76.39
1000 0.97 349.1 139.9 0.8146 77.16
The effect of Tinospora crispa extracts as a natural mild steel corrosion inhibitor in 1 M HCl solution S621achieved at the concentration of 800 ppm (81.58% IE) and
1000 ppm (77.16% IE) for TCDW and TCAW.
3.4. Adsorption isotherm and mechanism of inhibition
Adsorption isotherms provide information about the interac-
tion of the adsorbed molecules with the electrode surface
(Noor and Al-Moubaraki, 2008; Avci, 2008). The adsorption
of organic adsorbate at the metal/solution interface can be
presented as a substitution adsorption process between the
organic molecules in aqueous solution (Org(sol)), and the
water molecules on the metallic surface (H2O(ads)) (Naderi
et al., 2009):
OrgðsolÞ þ nH2OðadsÞ ! OrgðadsÞ þ nH2OðsolÞ ð5Þ
where Org(sol) and Org(ads) are the organic specie dissolved
in the aqueous solution and adsorbed onto the metallic
surface, respectively. H2O(ads) is the water molecule adsorbed
on the metallic surface and n is the size ratio representing theor the impedance spectra.
Figure 7 Langmuir adsorption plot for mild steel in 1 M HCl containing different concentration of (a) TCDW and (b) TCAW.
S622 M. Hazwan Hussin et al.number of water molecules replaced by one organic adsorbate.
The Langmuir adsorption isotherm has been used extensively
for various metal/inhibitor/acid solution systems (Noor and
Al-Moubaraki, 2008; Naderi et al., 2009). According to this
isotherm, the surface coverage (h) is related to the inhibitor
concentration (C) by
h
1 h ¼ Kads:C ð6Þ
Rearranging Eq. (6) gives
C
h
¼ 1
Kads
þ C ð7Þ
where Kads is the equilibrium constant of the inhibitor adsorp-
tion process, C is the inhibitor concentration and h is the
surface coverage that was calculated similar as Eq. (1) but
without multiplying to 100%. A ﬁtted straight line is obtained
for the plot of C/h versus C with a slope close to 1 as seen in
Fig. 7a and b. The strong correlation (R2 > 0.999) suggests
that the adsorption of the inhibitor on the mild steel surface
obeyed this system. This isotherm assumes that the adsorbed
molecules occupy only one site and there are no interactions
with other adsorbed species (Avci, 2008).The free energy of adsorption (DGads) can be calculated
from the Kads value obtained from the above correlation:
DGads ¼ RT lnðKads  55:5Þ ð8Þ
where 55.5 is the concentration of water, R is the universal
gas constant and T is the absolute temperature. The adsorp-
tion–desorption equilibrium constant Kads, was determined
as 106.16 M1 and 55.81 M1, leading to DGads = 21.87 kJ -
mol1 and 20.25 kJ mol1 for TCDW and TCAW extract at
the temperature of 303 K. The large Kads value gives better
inhibition efﬁciency due to strong electrical interaction
between the double layer and adsorbing inhibitor molecules
while a small Kads value compromise that such interactions
between the adsorbing inhibitor molecules and the metal
surface are weaker, indicating that the inhibitor molecules
are easily removable by the solvent molecules from the surface
(Nasshorudin, 2010). The negative sign of DGads indicates the
spontaneity of the adsorption process and stability of the
adsorbed layer on the electrode surface (Hussin and Kassim,
2011; Aljourani et al., 2009). Generally, the values of DGads
around 20 kJ mol1 or less negative are known to be associ-
ated with physical adsorption (electrostatic interactions
Figure 8 SEM pictograph of (a) untreated mild steel, (b) mild steel treated with 1 M HCl, (c) mild steel treated with 800 ppm TCDW and
(d) mild steel treated with 1000 ppm TCAW at magniﬁcation of 100·.
The effect of Tinospora crispa extracts as a natural mild steel corrosion inhibitor in 1 M HCl solution S623between the inhibitor and charged surface) while those around
40 kJ mol1 or more negative is are known to be associated
with chemisorption (charge sharing or transferring from
organic molecules to the metal surface and form a coordinate
type of metal bond) (Benali et al., 2007). From this estimation,
it can be concluded that both T. crispa extracts (TCDW and
TCAW) are physically adsorbed on the charged mid steel
surface thus creating an electrostatic interaction.
In aqueous acidic solution, the organic molecules of
T. crispa extract exist either as neutral molecules or in the form
of protonated organic molecules (cation). These organic mole-
cules may adsorb on the metal/acid solution interface by one
or more of the following ways; (i) electrostatic interaction of
protonated organic molecules with (FeCl)ads, (ii) donor–
acceptor interactions between the p-electrons of aromatic ring
and vacant d-orbital of surface iron atoms, (iii) interaction
between unshared electron pairs of heteroatoms and vacant
d-orbital of surface iron atoms (Ahamad et al., 2010).
3.5. Surface analysis
From the SEM photograph, the morphology of the corroded
mild steel surface can be seen clearly. Based on Fig. 8a and
b, the comparison between the untreated mild steel specimen
and the mild steel specimen in 1 M HCl can be made. The mild
steel specimen in 1 M HCl has a rough surface due to localized
attack of hydrochloric acid thus forms a rust product on the
surface. When a maximum concentration of the inhibitor is
added to aqueous acid solution, the mild steel surface becomessigniﬁcantly smooth (Fig. 8c and d) and comparable to the un-
treated mild steel surface (Fig. 8a).
4. Conclusion
 Both T. crispa extracts (TCDW and TCAW) act as good
mild steel corrosion inhibitors in 1 M HCl. All electrochem-
ical tests are in good agreement with the maximum percent-
age of inhibition efﬁciency obtained at the concentration of
800 ppm (TCDW) and 1000 ppm (TCAW) respectively.
 Potentiodynamic polarization measurements demonstrate
that bothT. crispa extracts acts as mixed-type inhibitor with
anodic as its dominant.
 The adsorption of organic molecules on the mild steel
surface obeys The Langmuir adsorption isotherm. The
negative values of free energy of adsorption (DGads) indicate
that the adsorption process is spontaneous and physically
adsorbed on the mild steel surface.
 Surface photographs showed a good surface coverage on
the mild steel surface after being treated with T. crispa
extracts.Acknownledgments
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